A hallmark of classical Hodgkin lymphoma (cHL) is that the B-cell-derived Hodgkin and Reed-Sternberg (HRS) tumor cells have largely lost the B-cell-typical gene expression program. The factors causing this 'reprogramming' of HRS cells are only partly understood. As early B-cell factor 1 (EBF1), a major B-cell transcription factor, is downregulated in HRS cells, we analyzed whether this downregulation contributes to the lost B-cell phenotype and tested the consequences of EBF1 re-expression in cHL cell lines. EBF1 re-expression caused an upregulation of B-cell genes, such as CD19, CD79A and CD79B, although the B-cell genes FOXO1 and PAX5 remained lowly expressed. The re-expression of CD19, CD79A and CD79B occurred largely without demethylation of promoter CpG motifs of these genes. In the cHL cell line L-1236 fitness decreased after EBF1 re-expression. These data show that EBF1 has the ability to reintroduce part of the B-cell signature in cHL cell lines. Loss of EBF1 expression in HRS cells therefore contributes to their lost B-cell phenotype. Notably, in the cHL cell line KM-H2 destructive mutations were found in one allele of EBF1, indicating that genetic lesions may sometimes have a role in impairing EBF1 expression.
INTRODUCTION
Classical Hodgkin lymphoma (cHL) is a common malignant lymphoma in the western world. The Hodgkin and ReedSternberg (HRS) tumor cells are rare and usually account for only a few percent of cells in the tumor tissue, whereas the vast majority of cells in the lymphoma microenvironment represent inflammatory cells. Although HRS cells originate in nearly all cases from B cells, [1] [2] [3] they have a profound lack of B-cell-typical gene expression. 4 This includes cell surface markers (CD19, CD79A), 5 signaling molecules (Syk, Lyn, Blk) 4 and transcription factors (Oct2, BOB.1). 6, 7 Furthermore, HRS cells express markers of other hematopoietic lineages such as CCL17, 8 GATA-3, 9 Notch1, 10 and inhibitor of differentiation and DNA-binding 2 (ID2). 11, 12 cHL is unique among lymphoid malignancies in the extent to which the lymphoma cells have lost the gene expression pattern of their normal precursor cells and have upregulated expression of non-Bcell genes. 13 It has been speculated that this 'reprogramming' is of pathogenetic relevance for HRS cells. 13 Early B-cell factor 1 (EBF1) is a central transcription factor in B cells. [14] [15] [16] In B cells, it operates as a homodimer in cooperation with two other major B-cell transcription factors, that is, E2A and PAX5. 14, 16 EBF1 is expressed in all stages of B-cell development except plasma cells. EBF1 not only induces expression of numerous B-cell genes, but at least in murine B cells it also represses factors of other hematopoietic lineages. For example, EBF1 suppresses the myeloid gene CEBPA, the T-cell transcription factor Notch1 and the natural killer cell factor ID2. 15 EBF1 also seems to be involved in epigenetic modifications such as demethylation of the CD79A promoter 17 and methylation of histones. 16 Conditional knockout mice have shown that EBF1 is a B lineage commitment factor and essential for the survival of pro-B cells, marginal zone and B1 B cells, whereas germinal centers were formed but not maintained without EBF1. 18, 19 In cHL, the function of the three central B-cell transcription factors EBF1, E2A and PAX5 is compromised. E2A is expressed in HRS cells but often at low level, 11, 20 and is functionally inactivated by the E2A inhibitors ID2 and activated B-cell factor 1, which are highly expressed in HRS cells. 9, 11, 12 PAX5 is present in most cHL cases but there is large variation in the number and intensity of positive HRS cells. 11, [20] [21] [22] EBF1 mRNA is absent or expressed only at very low level in cHL cell lines 11, 20 and also weak or absent in primary cases in comparison with germinal center B cells (see genechip data from ref. Tiacci et al. 23 ). Beside ID2 and activated B-cell factor 1, the T-cell transcription factor Notch1 might further influence this B-cell transcription factor network. Notch1 is strongly expressed in HRS cells and inhibits the expression of E2A and EBF1. 10, 24 In addition to unbalanced transcription factors, epigenetic features are also deregulated in HRS cells and might influence the aberrant gene expression in these cells. B-cell genes such as SYK, POU2AF1 (BOB.1, OBF1) and CD79B have methylated promoters in cHL cell lines and primary HRS cells and are therefore silenced. 25, 26 A genome-wide DNA methylation analysis of cHL cell lines showed that B-cell genes were preferentially found among those with hypermethylated promoters. 27 In this study, we analyzed the relevance of the low or absent EBF1 expression for the phenotype of HRS cells. We wondered whether EBF1 silencing has an impact on the aberrant gene expression of HRS cells or whether its loss influences the deregulated methylation pattern of B-cell genes.
MATERIALS AND METHODS

Cell culture and B-cell isolation
Cell lines L-1236, L-428, KM-H2, Raji and SUP-HD1 were cultured in RPMI-1640 medium with stable glutamine supplemented with 10% fetal calf serum (Biochrom AG, Berlin, Germany). Cell line HDLM-2 was cultured in 1 Institute of Cell Biology (Cancer Research), University of Duisburg-Essen, Medical School, Essen, Germany and RPMI-1640 medium with 20% fetal calf serum and U-HO1 in Iscove's modification of Dulbecco's medium/RPMI-1640 (4:1) with 20% fetal calf serum. All media were supplemented with 1% penicillin-streptomycin (Invitrogen, Darmstadt, Germany). Germinal center B cells were isolated from human tonsils as CD77-positive cells, using the MACS system (Miltenyi Biotech, Bergisch-Gladbach, Germany).
Western blot
Western blot analysis to demonstrate the endogenous and exogenous EBF1 expression was performed using standard conditions and the following antibodies: anti-EBF1 (#H00001879-M01, Abnova, Heidelberg, Germany, 1:100-1:10 000; 2nd ab: #115-036-062, Jackson Immuno Research, Hamburg, Germany, 1:2000), anti-glyceraldehyde 3-phosphate dehydrogenase (#sc-31915, Santa Cruz, 1:200; 2nd ab: #sc-2350, Santa Cruz, Heidelberg, Germany, 1:10 000). EBF1 target gene expression was analyzed using the same conditions as above and the following antibodies 
Sequence analysis of EBF1
Sanger sequencing was performed to analyze the HL cell lines for mutations in EBF1. A 3130 Genetic Analyzer (Applied Biosystems, Darmstadt, Germany) and the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) were used. Four PCR products were generated to amplify the coding region of EBF1, of which three were sequenced directly and one (*) was cloned in pGEM-T easy before sequencing because of four different isoforms, which are also present in CD77-positive tonsillar germinal center B cells. The following primers were used for amplifying EBF1 complementary DNA (cDNA) ( 
RNA isolation and cDNA synthesis
To analyze EBF1 target gene expression in transduced cells, total RNA was prepared from 10 000 sorted tGFP-positive cells by RNeasy Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol using 75 ml RLT buffer, without DNA digestion and elution in 12 ml water. Ten microliters of total RNA were reverse transcribed using the Sensiscript Reverse Transcription Kit (Qiagen) according to the manufacturer's protocol using random hexamer primers and the RNase inhibitor RNasin Plus (Promega Corporation, Mannheim, Germany).
Semiquantitative RT-PCR of EBF1 target genes in transduced cells
The primers were chosen to produce amplicons of a length of 100-200 bp, to have a highly efficient PCR. Each primer pair spans an intron to prevent amplification of genomic DNA. For each cell line and amplicon, the exponential phase of the PCR was determined in pretests. 
Real-time RT-PCR of EBF1 target genes in transduced cells
Quantitative real-time PCR analysis was performed on an ABI Prism 7900HT Fast Real-Time PCR System (Applied Biosystems) using predesigned, intron-spanning assays (Applied Biosystems): Bisulfite sequencing of promoter regions of EBF1 target genes in transduced cells DNA was isolated from 100 000 tGFP-positive sorted cells with the Gentra Puregene Kit (Qiagen) and eluted in 25 ml elution buffer. The DNA was denatured by adding 2.5 ml 3 M NaOH and incubation at 42 1C for 30 min. Unmethylated cytosines were modified by adding 255 ml 3.9 M sodium bisulfate (pH 5.0), 15 ml hydroquinone, 2.5 ml H 2 O and incubation at three cycles of 3 h for 55 1C and 5 min for 95 1C, followed by 3-h incubation at 55 1C. DNA was cleaned with the DNA Clean and Concentrator Kit (Zymo Research, Freiburg, Germany) and resuspended in 25 ml Tris (10 mM)/EDTA (1 mM). The modified DNA was denatured with 2.5 ml 3M NaOH and incubation for 15 min at 37 1C and subsequently neutralized with 13.8 ml 9 M ammonium acetate (pH 7.0). The DNA was precipitated with ethanol, resuspended in 50 ml Tris/EDTA and stored at -20 1C.
The PCR primer pairs of the promoter regions of CD19, CD79B and PAX5 (a and b region) were designed with the help of MethPrimer 28 and have the following sequences (5 0 -3 0 , forward and reverse): CD19-1, TATTTTGGTGTTTAGGTTGGAGTGTAGT, CAAAAATATAAACCCCTTAAAATAA AAACC; CD19-2, AAGGGGTTTATATTTTTGTGTAGAAAATAGAA, AAACACC CAACCACAACTCAAAT; CD79B-1, GTTTTGGGTTTTTTTAGATGTTTGATTT, TA CTCCCCTCTATCTATACTTACCC; CD79B-2, AGGATTTTAGTTGTGTTGTTTAA GTTGG, CTAAAAATAAAAACAAACCCCACAAAC; PAX5a, TTGGATGGTTG GGAATTTTG, CCCAAACTTTTATAAAAATTAAAAAAAA; PAX5b-1, TTTTGGAG ATTTTTTTTATTTTTATTTTTTAAT, CCCCATTAACTAAACAACCCACA; PAX5b-2, TTTGTGGGTTGTTTAGTTAATGGGG, AAAAAAACAAAAAATCCCAACCACCAA AAC. Standard PCR was performed, and the amplificates were cloned in pGEM-T easy (Promega Corporation) and sequenced with the PCR primers. The resulting sequences were analyzed with the help of BIQ Analyzer HT. 29 
Cell proliferation assay
To analyze the fitness of transduced cells, 10 000 or 20 000 sorted cells were cultured for 2 days in 100 ml conditioned medium in a well of a 96-well plate. Subsequently, the glycolysis rate was monitored in an enzyme-linked immunosorbent assay reader by a colorimetric change of EBF1 in classical Hodgkin lymphoma V Bohle et al To clarify whether mutations in EBF1 cause the lack of its expression, we sequenced the coding region of EBF1 from amplified cDNA of the cell lines L-1236, L-428, KM-H2, HDLM-2, U-HO1 and SUP-HD1. No peculiarities were seen except in KM-H2. Here the first cDNA amplicon showed two bands of different length. By analyzing this region in KM-H2 DNA, we detected two mutations affecting the donor splice site at the exon 1/intron 1 junction of one allele causing usage of an alternative donor splice site within exon 1 and a frameshift because of shortening of exon 1 by 56 bp (Figure 2 ). All other cell lines are wild type for EBF1 (data not shown). Therefore, mutations in EBF1 do not seem to be the cause for the reduced or absent EBF1 protein expression in general, although the destructive mutation of one allele of EBF1 in KM-H2 likely contributes to absent EBF1 protein in this line.
EBF1 re-expression in cHL cell lines To re-express EBF1 in cHL cell lines, a lentiviral expression system was used. The EBF1 construct contains genetic information of tGFP and EBF1, whereas the control construct expresses only tGFP (Figure 3a) . Semiquantitative RT-PCRs (Figure 3b ) and protein immunoblots in the time frame of 3 to 10 days post transduction (Figure 3c) show expression of EBF1 mRNA and protein in all transduced cHL cell lines. (Figure 4a and data not shown) . A clear upregulation of CD19, CD79A and CD79B in the EBF1-transduced cell lines L-1236, L-428 and KM-H2 is seen. Notch1 showed either no change (L-428), or a minor (KM-H2) or more pronounced upregulation (L-1236), although a downregulation was expected based on studies in the mouse.
Expression of
15 PAX5 and ID2 did not change their expression level on EBF1 re-expression (data not shown). Although CD79A mRNA is strongly upregulated on EBF1 re-expression, CD79A protein was not detectable by immunoblot in transduced L-1236, L-428 and U-HO1 cells (data not shown).
We aimed to validate and quantify these findings by real-time RT-PCR analysis of the EBF1 or control vector-transduced cell lines L-1236, L-428, KM-H2 and U-HO1. We again clearly detected upregulation of the transcripts for CD19 and CD79B, in a range from 2-to 4000-fold (Figure 4b) . Again, PAX5, and ID2 did not show a regulation, and Notch1 was upregulated only in L-1236 cells. In this analysis, we also included Foxo1, as this transcription factor was described as a further EBF1 target gene. 30 However, no regulation of Foxo1 was seen (Figure 4b) . Thus, the quantitative RT-PCR analysis validates the semiquantitative RT-PCR results and extend them to the cHL line U-HO1.
These results encouraged us to investigate the influence of EBF1 re-expression on gene expression in the cHL cell lines in a global way. We transduced cell lines L-1236 and L-428 with the EBF1 and the negative control constructs, sorted tGFP-positive cells 8 days post infection and used their RNA for analysis on the Human Gene 1.0 ST array. The unsupervised hierarchical clustering of 464 genes with a minimum standard deviation of one Owing to the mutated splice site at the exon 1/intron 1 junction in one allele of EBF1 in KM-H2 an internal cryptic splice site in exon 1 is used, causing a deletion of 56 bp of exon 1 (underlined) in the mRNA. This also leads to a frameshift, which causes a premature stop codon (gray TGA). Hence, a heavily truncated protein is made from this mRNA.
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(Supplementary Figure 1) shows that the differences between the two cell lines were larger than between EBF1-expressing and EBF1-negative cells. However, the three replicates for each line and condition clustered together, indicating that consistent effects of EBF1 expression occurred in both lines. The regulation of genes in each cell line is mostly smaller than twofold (false discovery rate p5%). In L-1236, 34 of 298 differentially expressed genes have a regulation larger than twofold (including EBF1) and in L-428 this is true for 21 of 113 differentially expressed genes (Supplementary Table 1 ). The EBF1-induced genes in L-428 include, for example, CXCL9, CD40 and FOS, and in L-1236, we see upregulation of IL7, MAPKBP1 and PLXNA1 (plexin A1) (Supplementary Table 1 ). Several genes were also downregulated on re-expression of EBF1 (Supplementary Table 1 ). When focusing on genes induced by EBF1 in both cHL cell lines with at least a twofold upregulation, we identified only four genes, namely CCL22, SEMA7A, FCER2 (CD23) and CRLF2, besides EBF1 itself (Table 1) . Thus, EBF1 re-expression influenced the expression level of more than a hundred genes in L-428 and L-1236 cells, including several B-cell markers. Notably, the two lines are quite heterogenous in their behavior.
Analysis of methylation pattern in EBF1-transduced HL cell lines As HRS cells and cHL cell lines are known to have highly methylated promoters of many B-cell genes, [25] [26] [27] 31 and EBF1 seems to be involved in DNA demethylation, 17 we studied whether enforced expression of EBF1 in the cHL cell lines L-1236, L-428 and KM-H2 by lentiviral transduction influences the DNA methylation status of the EBF1 target genes CD19, CD79B and PAX5 (a and b promoter). The cell lines were analyzed 9 days post transduction by bisulfite sequencing of cloned PCR products. For comparison, we also determined the methylation pattern of the promoters of the three genes in CD77-positive germinal center B cells. As expected, the normal B cells showed unmethylated CpG promoter motifs for the three genes ( Figure 5 ). In contrast, the CD19 and CD79B promoters of the cHL cell lines transduced with the control vector are highly methylated ( Figure 5 ). The PAX5a promoter is in L-1236 strongly methylated but shows a heterogenous pattern in L-428 and KM-H2 cells. The PAX5b promoter is unmethylated in all cell lines. On EBF1 re-expression some CpGs change the trend of their methylation status, but overall, there is little effect (Figure 5 ). The exception is the PAX5a promoter of L-1236, which becomes strongly demethylated when EBF1 is re-expressed. In other promoters and cell lines, only single CpGs are demethylated, for example, CpG1 (second amplicon) in the CD19 promoter of KM-H2, CpG 5 and 6 in the CD79B promoter (second amplicon) of L-1236 and CpG 4 and 5 (first amplicon) in the CD79B promoter of KM-H2. There are also some CpGs that show increased methylation because of EBF1 expression. Hence, re-expression of EBF1 in cHL cell lines has relatively little impact on the methylation status of EBF1 target genes.
Analysis of fitness of EBF1-transduced HL cell lines It has been speculated that the loss of the B-cell gene expression program may be a survival strategy of HRS cells with a nonfunctional B-cell receptor. 3 As some B-cell genes are re-expressed on enforced EBF1 expression in HL cell lines, we wondered whether these changes would be sufficient to cause a reduced survival of the cells. Therefore, the fitness of the EBF1 reexpressing L-1236, L-428, KM-H2, U-HO1 was tested. We sorted Figure 6 ). We did not detect this effect in L-428, KM-H2 and U-HO1 cells (data not shown). The approach used may, however, underestimate the effect of EBF1 on survival, because it has been described that apoptotic cells lose green fluorescent protein fluorescence. 32 
DISCUSSION
One of the most peculiar features of HRS cells in cHL is that these mature B-cell-derived tumor cells have largely lost their B-celltypical gene expression pattern. It has been speculated that this consistent and dramatic 'reprogramming' of the HRS cells is of pathogenetic relevance, for example, by promoting the survival of HRS precursor cells with crippled B-cell receptor. 4 Hence, it is important to understand the factors that have essential roles in the loss of the B-cell gene expression program of HRS cells. A number of factors have been identified that contribute to this downregulation of B-cell genes in HRS cells. These include inhibition of E2A by ID2 and activated B-cell factor 1, downregulation of transcription factors Oct2, PU.1 and BOB1, aberrant expression of the T-cell transcription factor Notch1, constitutive activity of STAT5a and epigenetic silencing of many B-cell genes. 33 In this study, we addressed the issue whether also the low or undetectable level of EBF1 contributes to the lost B-cell phenotype of HRS cells.
The enforced expression of EBF1 in cHL cell lines indeed partially reconstituted the B-cell status of these cells, which was shown by semiquantitative RT-PCR and real-time RT-PCR. Abbreviations: EBF1, early B-cell factor 1; FC, fold change; IgE, immunoglobulin E. All genes are significant with a false discovery rate of p5% and both have a minimum regulation of twofold.
EBF1 in classical Hodgkin lymphoma V Bohle et al PAX5, a direct EBF1 target, and FOXO1, which is at least in murine B cells positively regulated by EBF1, were not re-expressed on EBF1 expression in the HL cell lines. That EBF1 does not cause a full reappearance of the B-cell program in the HL cell lines is certainly not surprising, because most B-cell genes are positively regulated by numerous transcription factors, so that enforced expression of EBF1 alone is likely not sufficient to reactivate all these genes. For example, CD79A expression is presumably coregulated by Ets, EBF1, IKAROS and Sp1, 34 CD79B by Sp1, Ets, OCT, IKAROS and EBF1, 35, 36 and PAX5 by EBF1, STAT5, SPI1, IRF4, IRF8 and NF-kB. 37, 38 We also studied the influence of EBF1 re-expression on the transcript levels of ID2 and NOTCH1, because these suppressive factors for B-cell genes were expected to be downregulated by EBF1, based on studies in the mouse. 15 However, no downregulation was observed. For Notch1, there was even an upregulation of transcript levels seen in L-1236 cells. However, Notch1 expression might not be completely aberrant in human B cells, as its expression has recently been described in human germinal center B cells. 39 The retained expression of Notch1 and ID2 in HL cell lines with enforced expression of EBF1 is likely a further factor why only a moderate re-expression of typical EBF1 target genes was observed. Notch1 functions as an inhibitor of E2A, EBF1 and their target genes in cHL cell lines, 24 and ID2 prevents DNA binding of E2A. 11, 12 As E2A is hence repressed in HRS cells and as two-thirds of the EBF1 target genes are coregulated by E2A, 14 the retained ID2 expression presumably impaired a strong upregulation of many EBF1 target genes in the EBF1-expressing HL cell lines.
By gene chip analysis, we searched for further genes showing changes in gene expression on re-expression of EBF1. The microarray studies generally confirmed the quantitative RT-PCR results, especially for CD79A and NOTCH1 in L-1236 (data not shown). As the quantitative RT-PCR is more sensitive than the microarray, some of the analyzed genes disappear in the background of the chip or cannot be considered as significant such as CD79A in L-428 and CD79B in L-1236 (data not shown). Interestingly, over 100 and 200 genes in L-428 and L-1236, respectively, showed a significant regulation (false discovery rate p5%), albeit mostly at a low fold-change. Nevertheless, 34 genes in L-1236 and 21 genes in L-428 showed a more than twofold change in transcript levels on EBF1 re-expression. The overlap of the regulated genes was rather small in the two cell lines, likely reflecting the already known heterogeneity of HRS cells and cHL cell lines. 40, 41 Focusing on commonly regulated genes, we identified CCL22 (MDC, chemokine (C-C motif) ligand 22/ macrophage-derived chemokine), SEMA7A (CD108, semaphorin 7A, GPI membrane anchor), FCER2 (CD23, low-affinity immunoglobulin epsilon Fc receptor) and CRLF2 (cytokine receptor-like factor 2) as direct or indirect EBF1 target genes in HRS cells.
CCL22 attracts activated T cells and is normally expressed by activated B lymphocytes and dendritic cells. 42 It is also expressed and secreted by HRS cells and might have an influence on the typical cHL microenvironment. 43, 44 The upregulation of CCL22 in HRS cells on EBF1 re-expression indicates that this chemokine is a target of EBF1. Sema7a has a critical role in inflammatory immune responses. 45 EBF1 positively regulates expression of Sema7a in murine B cells. 16, 18 Its function in B cells is still unknown. The FCeR CD23 is expressed by naive B cells and other hematopoietic cells. Whether primary HRS cells express CD23 is controversial, 46 -49 but we observed in our analysis a medium to strong expression in the HL cell lines, which is further increased by EBF1. Thus, CD23 is a further B-cell molecule that is influenced in its expression by the low EBF1 levels in HRS cells. Finally, CRLF2, the expression of which is downregulated by EBF1, builds together with the IL7Ra chain the receptor for thymic stromal lymphopoietin, which has a role in early B-cell development. 50 Studies in the mouse indicated that EBF1 influences the methylation status of target genes. However, in the studies presented here, there was hardly any demethylation of the promoters of the EBF1 target genes CD19, CD79B and PAX5 detectable, with exception of the PAX5a promoter in L-1236 cells, which showed a strong demethylation on EBF1 re-expression. Perhaps, the epigenetic structure of these gene promoters is too stable to be affected in HRS cells by several days of re-expression of EBF1. The fact that we nevertheless observed increased transcription of the CD19, CD79B and PAX5 genes could mean that low level transcription of these genes is possible even in the presence of methylated CpGs in their promoter regions. Alternatively, but not mutually exclusively, the increased expression of the three genes may stem from only a small fraction of HRS cells that opened the gene loci on EBF1 expression, whereas most cells keep a methylated and silent structure of the promoters.
We also tested whether enforced re-expression of EBF1 affected the fitness of HL cell lines. However, three of the lines analyzed did not show any effect, and only L-1236 cells showed a moderate, but significant reduced fitness ( Figure 6 ). The experimental setup may underestimate the effect of EBF1 on cell survival, because we had to sort the transduced cells as tGFP-positive cells before the cell proliferation assay, and it is known that dead cells lose green fluorescent protein expression. Hence, cells that died early after EBF1 re-expression before sorting were excluded from the measurement. Nevertheless, as we did not observe massive cell death specifically in the EBF1-transduced cells before sorting, and as only one of four cHL lines tested showed any effect of EBF1 silencing on survival, it seems that EBF1 re-expression is not sufficient to compromise the viability of the HRS cells.
In summary, EBF1 has the ability to reconstitute part of the B-cell status of HRS cells but is not capable to repress aberrantly expressed factors of other hematopoietic lineages such as Notch1 and ID2. EBF1 has little influence on the methylation pattern of its target genes. Overall, the downregulation of EBF1 expression in HRS cell contributes to the lost B-cell phenotype and hence participates in the 'reprogramming' of these tumor cells. In rare instances, as seen here for KM-H2, genetic lesions in the EBF1 gene may contribute to loss of EBF1 expression.
